Abstract Previous studies on the LG,SM advanced intercross line have identified approximately 40 quantitative trait loci (QTL) for long-bone (humerus, ulna, femur, and tibia) lengths. In this study, long-bone-length QTL were finemapped in the F 34 generation (n = 1424) of the LG,SM advanced intercross. Environmental effects were assessed by dividing the population by sex between high-fat and low-fat diets, producing eight sex/diet cohorts. We identified 145 individual bone-length QTL comprising 45 pleiotropic QTL; 69 replicated QTL from previous studies, 35 were new traits significant at previously identified loci, and 41 were novel QTL. Many QTL affected only a subset of the population based on sex and/or diet. Eight of ten known skeletal growth genes were upregulated in 3-week-old LG/J male proximal tibial growth plates relative to SM/J.The sequences of parental strains LG/J and SM/J indicated the presence of over half a million polymorphisms in the confidence intervals of these 45 QTL. We examined 526 polymorphisms and found that 97 represented radical changes to amino acid composition while 40 were predicted to be deleterious to protein function.Additional experimentation is required to understand how changes in gene regulation or protein function can alter the genetic architecture and interact with the environment to produce phenotypic variation.
Introduction
Skeletal growth is a complex process subject to both genetic and environmental influences (Forriol and Shapiro 2005; Karsenty 2003; Kronenberg 2003; Mariani and Martin 2003; Nilsson et al. 2005; Provot and Schipani 2005) . Previous studies of long-bone length in early generations of the LG,SM advanced intercross have detected approximately 40 quantitative trait loci (QTL) influencing bone length, including several sexually dimorphic QTL (Kenney-Hunt et al. 2006; Norgard et al. 2008 Norgard et al. , 2009 ). The QTL have complex genetic properties, with almost all acting additively and nearly half having significant dominance effects. The numerous pleiotropic and epistatic interactions identified in the advanced intercross population suggest the presence of complex, integrated regulatory networks that influence variation in the population (Norgard et al. 2008 (Norgard et al. , 2009 . However, previous studies have not focused specifically on environmental components affecting bone length in this population.In addition, the QTL confidence intervals mapped in these early generations represent large genomic areas, up to 25 cM or about 20 Mb in length, each containing hundreds of genes.
As later generations of this intercross are born, offspring accumulate additional recombination events (Darvasi 1998; Darvasi and Soller 1995) , allowing fine-mapping of previously identified QTL and corresponding reductions in confidence interval size and candidate gene number. In this study, QTL for humerus, ulna, femur, and tibia lengths are mapped in the F 34 generation of the LG,SM advanced intercross (Wustl: LG,SM-G34). The effects of isocaloric diets with varying fat content on bone length are analyzed here to directly assess one environmental component of long-bone elongation.Also, the expression levels of known skeletal growth genes located within fine-mapped QTL confidence intervals are determined for the LG/J and SM/J parental strains, and the sequences of positional candidate genes are analyzed to identify potential regulatory changes and mutations associated with the QTL.
Materials and methods

Animals
The F 34 generation of the LG,SM advanced intercross (n = 1424) was used in this study. The details of the line can be found in Norgard et al.(2008 Norgard et al.( , 2009 . All animals were raised in accordance with Washington University in St. Louis IACUC standards. After weaning, each F 34 litter was divided so that half of each sex was fed high-fat (42% energy from fat; #TD88137, Harlan Teklad) or low-fat (15% energy from fat; #D12284, Research Diets) isocaloric diets, for a total of eight cohorts (male, female, high-fat, low-fat, high-fat male, high-fat female, low-fat male, and low-fat female). The mice were weighed for 20 weeks before necropsy,then the right-side humerus, ulna, femur, and tibia were removed immediately and measured to the nearest 0.01 mm with digital calipers before storage.
SNP genotypes
The F 34 animals were genotyped at 2842 polymorphic autosomal single nucleotide polymorphisms (SNPs) selected from the Oxford/CTC set (http://www.well.ox.ac.uk/mouse/ INBREDS/). SNPs were scored with the Illumina GoldenGate Bead Array (Illumina, San Diego, CA) by the Center for Inherited Disease Research (http://www.cidr.jhmi.edu/). SNPs were mapped for each autosome using R/QTL (Broman and Sen 2009) . Over short distances, the F 34 map is related to the F 2 map by an order of 17 times. There is about one SNP for every 8.5 cM (equivalent to approximately 0.5 F 2 cM). The combination of some genomic regions lacking any polymorphisms between LG/J and SM/J and the large amount of accumulated recombination led to parts of some autosomes being virtually unlinked to other, neighboring segments on the same chromosome. In these cases, the chromosome was divided into segments for analysis.
Quantitative genetic analysis
The F 34 population was analyzed for the effects of sex, diet, and family membership on individual bone lengths (humerus, ulna, femur, or tibia) using the ANOVA model:
where l is the population mean, Sex is either male or female, Diet is either the high-fat or low-fat diet, Family identifies the random effect of sibship membership, Sex 9 Family is the interaction between sex and family, and e is the error term. The Family effect was used to calculate heritability (Falconer and Mackay 1996) for each trait using the full population, pooled over different sex/ diet cohorts. Diet 9 Fam and Sex 9 Diet 9 Fam were not significant for this analysis and were left out of the final model. The presence of a significant Sex 9 Family term for femur and tibia suggests sex differences in genetic effects, so ANOVAs modeling only Sex, Diet, and Family were performed on males and females separately. Heritability estimates for the separate sexes were similar to those for pooled sexes.
Quantitative trait locus analysis QTL mapping proceeded according to the equations described by Haley and Knott(1992) .Imputing and calculations of additive and dominance genotypic scores are summarized in Norgard et al.(2008 Norgard et al.( , 2009 ). QTL were mapped using a mixed model (SAS version 9.1; SAS Institute, Cary, NC) that included sex, diet, and additive and dominance genotype scores. Two-and three-way interactions between genotype and sex and diet were modeled as fixed effects, while two-and three-way interactions between family and sex and diet were modeled as random effects. The full model used the linear equation:
where l, Sex, Diet, and e i are defined as above; ''a'' and ''d'' are the regression coefficients for additive and dominance genotype scores, respectively; s,d, and sd are the interacting terms for sex, diet, or both sex and diet together (found in term 4 and terms7-12 in the equation above). The probabilities of the null hypothesis were adjusted for deflation caused by the inclusion of nonindependent family members in the analysis, by including the random effects of family and the interactions between family, sex, and diet. The -2 ln(likelihood) values of both the full model and a reduced model lacking interaction terms were compared to a base model with sex, diet, and sex 9 diet interaction using a v 2 test with either 8 (model including interactions) or 2 (model with only marginal effects) degrees of freedom. As in previous generations, probabilities obtained from the likelihood ratio tests above were log-transformed into a linear scale using the equation LPR = -log 10 (Probability). The significance thresholds were adjusted to reflect the large number of tests performed, as 5% of the independent regressions were expected to be significant at a 5% level under the null model. A Bonferroni correction using the number of independent tests (Li and Ji 2005) was applied utilizing the eigenvalues of the intermarker correlation matrix for each chromosome. This resulted in a corrected threshold for the entire genome (LPR [ 4.72) as well as for individual chromosomes. With corrected chromosomewise thresholds, one false-positive chromosome across the whole genome is expected under the null model. QTL surpassing genome-and chromosome-wise thresholds are listed together. Previously identified QTL were considered protected and thus needed only to surpass the pointwise significance threshold (LPR [ 1.3).
If a QTL peak fell within confidence intervals from previous generations, the QTL was considered a replicate of the previously identified QTL. Pleiotropy was not formally tested due to programming limitations;however,given the great extent of recombination, QTL separated by more than 50 cM were considered distinct. In some cases, there were multiple peaks for a trait that were of similar size and fell near established QTL peaks for other traits. In these cases, multiple QTL testing was used to determine whether the multiple peaks represented separate QTL. If the model predicted that multiple QTL were not likely, the peak with the highest LPR score was chosen as the position. In some cases, this lead to a QTL position for one trait that was quite distant from the QTL for the rest of the traits (such as Lbn6.2 for humerus or Lbn8.1a for ulna). As these positions fell within previous QTL boundaries, they are counted as part of the same QTL, although they may represent linked genomic elements.
Loci with significant interactions with sex, diet, or sex and diet had additional analyses performed. When the full or reduced model had a pointwise significant interaction term (LPR [ 1.3), the individual sex and/or diet cohorts were analyzed separately to identify cohort-specific effects of loci. In these cases, cohort-specific genotypic values are presented instead of full population values.
Candidate gene analysis
Potential candidate genes associated with bone growth were identified within F 9-10 QTL confidence regions (Norgard et al. 2009 ). To determine whether LG/J and SM/ J differentially express these candidate genes, RT-PCR was conducted using a relative quantitation strategy. Growth plate tissue was grossly dissected from the proximal tibiae of 3-week-old LG/J and SM/J animals (9 individuals per sex per strain; 8 LG/J males). While tibiae were submerged in RNAlater (Ambion, Austin, TX), the proximal tibiae were split longitudinally and excess muscle and bone were dissected away from the growth plate cartilage. Dissected cartilage was transferred to clean RNAlater and stored at -20°C.
RNA was extracted using the RNaqueous kit (Ambion), cDNAs were synthesized using the High Capacity RNA-tocDNA kit (Applied Biosystems, Foster City, CA), and TaqMan Ò assays (Applied Biosystems) were performed for each candidate gene listed in Table 1 using 1 lg cDNA and TaqMan gene expression master mix (Applied Biosystems), with four reactions per sample.Hprt1,Col2a1, and Bglap1 were used as controls for amount of tissue loaded, amount of cartilage, and amount of bone contamination, respectively. The use of controls for the levels of cartilage and bone tissue wasnecessary because the gross Table 1 TaqMan  Ò assays The symbols, names, and TaqMan assay numbers of the genes examined for mRNA expression differences are listed Gene Gene name TaqMan assay
Bglap1
Osteocalcin Mm03413826_mH
Col2a1 Collagen II, alpha 1 Mm01309565_m1
Hprt1
Hypoxanthine guanine phosphoribosyltransferase 1 Mm00446968_m1
Comp Cartilage oligomeric matrix protein Mm00489490_m1
Igf1
Insulin-like growth factor 1 Mm00439560_m1
Ihh
Indian hedgehog Mm01259021_m1
Pthlh Parathyroid hormone-like hormone Mm00436057_m1
Runx2
Runt-related transcription factor 2 Mm01269515_mH
Smad1
Homolog of drosophila mothers against decapentaplegic 1 Mm00484721_m1
Sox5
SRY-box 5 Mm00488381_m1
Sox9
SRY-box 9 Mm00448840_m1
Tgfb1 Transforming growth factor, beta-1 Mm03024053_m1
Vegfa Vascular endothelial growth factor a Mm00437308_m1 dissection of growth plate tissue and different growth plate sizes led to varying amounts of actual growth plate tissue in any given sample. Reactions were run on an Applied Biosystems 7300 Real Time PCR system using default cycle parameters (50°C for 2 min, 95°C for 10 min, and 40 cycles of 95°C for 15 s followed by 60°C for 1 min) and raw C t values were obtained using the ''Auto C t '' option of the SDS software 1.3.1. Rather than employing the traditional DDC t method to identify increased or decreased expression of samples relative to a single reference sample and then comparing candidate genes to the multiple control genes, a regression strategy was used to correct all samples for interfering factors at once. This strategy eliminates amplification of error that would be created by introducing ratios when comparing candidate gene expression to control gene expression. Ratios of raw C t values for the candidate gene relative to the C t value for Hprt1removes the effect of total cellular material from intersample comparisons only if the slope of the regression between the scores is 1.0;otherwise, the ratio remains correlated with its denominator. The same difficulty occurs when correcting for amounts of bone versus cartilage. Raw C t values were regressed in Systat12.0 using the model:
where C t values are the raw C t values output by the SDS software,l is the population mean,Hprt1 accounts for variation in the amount of total cellular material loaded in each reaction, plate accounts for different levels of fluorescence on different plates,Col2a1 accounts for the amount of cartilage in the sample,Bglap1 accounts for the amount of bone in the sample,Col2a1*Bglap1 accounts for variation due to the interaction of Col2a1 and Bglap1 (when the effect of the amount of cartilage in a sample depends on the amount of bone and vice versa), and e is the error or residual variation left in the data after removing the variation associated with the other factors in the model. Outliers were removed from analysis at this stage. The residual C t values (e) from this regression show no variation in the total amount of cellular material in the sample, no variation in the amount of bone and cartilage cells, and no direct effect of plate. The analysis of corrected data proceeded using the residuals (e) from this analysis. The corrected data wereanalyzed in Systat12.0 by ANOVA with strain, plate, and strain*plate interaction. Plate was added back into the model to detect cases with significant strain*plate interaction (when the effect of strain is dependent on which plate is observed). Two such cases were identified, indicating the presence of ''bad'' reactions. When the reactions were repeated and the new data substituted for the ''bad'' reaction data, the strain*plate interaction disappeared. Initially, data included both sexes and the ANOVA model included sex and sex*strain terms. Significant sex*strain interactions were observed for several candidate genes and indicated malespecific candidate gene expression differences. When the data were reanalyzed separately by sex, significant strain effects were observed in only the male population. Thus, the data from the two sexes were ultimately analyzed separately (including separate data correction steps) to increase the accuracy of the final estimates. Final values reported here are from a model with corrected data regressed on strain only.
Sequence analysis
Sequences for LG/J and SM/J were obtained from The Genome Sequencing Center at Washington University (http://genome.wustl.edu). The sequencing data identified 4,299,800 autosomal polymorphisms between LG/J and SM/J, with 20 9 coverage for LG/J and 14 9 coverage for SM/J. All the SNPs used in this study are available in dbSNP (http://www.ncbi.nlm.nih.gov/projects/SNP/) and can be cross-referenced with the physical distances provided in the tables. Candidate gene RefSeq mRNA coding regions were downloaded in FASTA format from the University of California, Santa Cruz Genome Bioinformatics website (http://genome.ucsc.edu, NCBI m37 mouse assembly). Nontranslated DNA regions for the genes listed in Table 1 , including introns,3 0 UTR,5 0 UTR, 10 kb upstream, and 10 kb downstream, were also downloaded. These sequences were then compared with our list of LG/J and SM/J polymorphisms to identify changes to the protein-coding regions as well as to non-protein-coding regions. Nonsynonymous coding region polymorphisms were analyzed using the PANTHER (http://www.panther db.org/) cSNP analysis tool (Brunham et al. 2005; Thomas et al. 2003 Thomas et al. ,2006 , which proceeded on proteins manually translated from the RefSeq mRNA coding regions. Noncoding polymorphisms were analyzed in the Genome Bioinformatics website for 30-Way Multiz Alignment and Conservation, using the phastCons program (Siepel et al. 2005) , as well as for the presence of ORegAnno regulatory elements (Griffith et al. 2008; Montgomery et al. 2006) .
Results
The genetic architecture controlling long-bone lengths is complex Long-bone lengths were highly heritable, with heritabilities ranging from 0.68 to 0.85 (Table 2 ). This is slightly lower than estimates from the F 3 population (Norgard et al. 2008 ), E. A. Norgard et al.: Long-bone-length QTL and candidate gene analysis 181 but higher than estimates from the F 10 population (Norgard et al. 2009 ). The genetic correlations between skeletal traits (values off the diagonal) were also high, ranging from 0.74 to 0.90, and weresimilar to genetic correlation estimates from the previous generations. We identified 145 individual-trait QTL for humerus, ulna, femur, and tibia in this population, including QTL on all autosomes except 5, 16, and 17. The absence of QTL on chromosome 17 is caused by difficulties analyzing the data due to large stretches of homogeneity at the proximal end of the chromosome, where QTL have been identified in previous generations (Norgard et al. 2008 (Norgard et al. , 2009 . Of the 145 QTL identified here, 69 were identified previously, 35 were new individual-trait loci discovered near the positions of previously identified QTL, and 41 represent newly discovered QTL (Lbn2.4,Lbn4.3,Lbn4.4,Lbn4.5,Lbn6.3, Lbn7.3,Lbn7.4,Lbn12.2,Lbn12.3,Lbn12.4,Lbn12.5,Lbn15.3, and Lbn18.2). Although Lbn2.4 did not surpass the chromosome-wise significance threshold, it was included as a new QTL due to the strong cohort-specific effects observed (Table 4 ). The 145 individual-trait QTL were condensed into 45 pleiotropic QTL; of these, 34 had individual-trait elements that surpassed chromosome-wide or genomewide thresholds (Table 3) , while the remaining 11 were in protected regions and surpassed only the pointwise threshold (Table 4) . Four previously identified QTL, Lbn2.1,Lbn2.3,Lbn8.1, and Lbn18.1, were resolved into multiple loci.Lbn2.1 was divided into three loci (Lbn2.1a,Lbn2.1b, and Lbn2.1c), each with diverse additive and dominance effect patterns (Tables 3, 4).Lbn18.1a had significant dominance effects on the humerus, ulna, femur, and tibia, while Lbn18.1b had significant additive effects on the ulna only.
Significant additive (a) effects were observed in 74% of the loci examined. The average difference in bone lengths between the LG/J and SM/J homozygotes caused by additive effects of QTL (twice the average additive effect) was 0.16 mm for the humerus, 0.24 mm for the ulna, 0.25 mm for the femur, and 0.26 mm for the tibia. The average effect size of significant |a/SD| values for all the long bones was 0.20 SD units, with absolute values of standardized additive effects ranging 0.08 to 0.87 SD units. Additive effects were distributed such that most were small in effect size (0.1-0.2 SD units), with fewer loci having large effect sizes (0.3-0.5 SD units) and only Lbn8.2 for ulna in males having |a/SD| values greater than 0.7 SD units. For 56 loci, the SM/J allele led to longer bone lengths than the LG/J allele, as indicated by negative a/SD values in Tables 3 and 4 . Most of these cases were either identified in previous analyses or are in newly discovered QTL.Lbn9.2 had negative additive effects in the F 2-3 analysis, positive additive effects in the F 9-10 analysis, and negative additive effects here. When the sign of the effects was taken into account, the average effect size of significant a/SD values was 0.03 SD units, indicating that the LG/ J and SM/J alleles counterbalance each other, leading to an overall neutral effect on additive variation in this population.
Significant dominance (d) effects were observed at 40% of the loci. Of the 27 loci with significant a and d values, there were four cases of underdominance (d/a \ -1.5), seven cases of SM/J dominance (-1.5 \ d/a \ -0.5), ten cases of LG/J dominance (0.5 \ d/a \ 1.5), and four cases of overdominance (1.5 \ d/a). The 55 remaining significant loci were considered codominant. The average difference in bone lengths between the midpoint of LG/J and SM/J homozygotes and the mean for heterozygotes caused by dominance effects of QTL was 0.26 mm for the humerus, 0.30 mm for the ulna, 0.35 mm for the femur, and 0.28 mm for the tibia. The average normalized dominance effect size (d/SD) for all the long bones was 0.26 SD units, but with directionality factored in, this dropped to 0.02, suggesting that overall, dominance effects average to zero and neither LG/J nor SM/J alleles are more commonly dominant.
Sex and diet can alter QTL genetic architecture Sex and diet had significant effects on a major component of the genetic architecture: additive and dominance effect patterns. Of the reported a and d effects for individual-trait QTL, 49% had significant interactions with sex, diet, or both. There were 40 additive loci with significant interaction effects: 17 interacted with diet, 26 interacted with sex, and 16 interacted with sex and diet. Significant interaction effects occurred at 15 dominant loci: 23 interacted with diet, 7 interacted with sex, and 19 interacted with sex and diet. When specific cohorts were examined to identify the sources of these interactions, 129 cohort-specific QTL were identified. Of these, 12% were female-specific (16), 10% were male-specific (13), 11% were high-fat diet-specific (14), 10% were low-fat diet-specific (13), 16% were highfat male-specific (21), 9% were high-fat female-specific Mean values and SDs are listed in millimeters for each long-bone trait. Heritabilities (diagonal) and genetic correlations (off-diagonal) were calculated from the F 34 population using the full sibship method (Falconer and Mackay 1996) H humerus, U ulna, F femur, T tibia, SD standard deviation (12), 9% were low-fat male-specific (12), and 22% were low-fat female-specific (28). Two QTL were resolved into multiple QTL based on their effects in different subpopulations:Lbn2.3a had significant additive and dominance effects in various subpopulations, while Lbn2.3b acted additively on all four long bones in the full population. Lbn8.1a had significant negative additive effects on humerus, ulna, femur, and tibia in the low-fat population, while Lbn8.1b had a significant dominance effect on ulna and femur in high-fat males and a significant positive additive effect on ulna in low-fat males. While some cohort-specific QTL affected bone length in a single subpopulation in the same way (as at Lbn8.1a), many cohort-specific QTL had different effects in different subpopulations. Cohort-specific QTL acted additively in some subpopulations (Lbn4.5 for tibia in high-fat males) and via dominance in others (Lbn4.5 for tibia in high fat females). Directionality for different traits also changed between some subpopulations (at Lbn2.3a,a/SD is negative for humerus and femur in low-fat females, while it is positive for ulna and tibia in males, animals on high-fat diets, and high-fat males). For Lbn8.2 and Lbn12.1, which had positive additive effects in previous analyses but negative additive effects here, the presence of significant interactions may be responsible for the changing additive effect directionality. Interestingly, for the low-fat male population, the average additive effect size with effect sign taken into account was -0.14 SD units, suggesting an overall positive influence of the SM/J allele on bone length in this subpopulation. Similarly, in several subpopulations the average dominance effect sizes with sign taken into account were less than -0.1 (low-fat,-0.12; low-fat male,-0.23; and high-fat female,-0.18).
Known skeletal growth genes are differentially regulated in LG/J and SM/J growth plate cartilage As an initial step to determine whether expression differences in skeletal growth genes were responsible for the observed length differences in the parental strains and thus might underlie some of the QTL, ten candidate genes chosen for their known roles in endochondral ossification and their presence in F 9 -F 10 confidence intervals were tested for expression differences in the growth plate (Table 1) . Of these, only Runx2 and Tgfb1 did not show significant expression differences between strains, as shown in Supplementary Table 1. Variation in expression levels of these genes between strains (R 2 values in Supplementary Table 1 ) accounted for 3-37% of the phenotypic variation. In the cases of Igf1,Ihh,Pthlh,Smad1, Sox5,Sox9, and Vegfa, the average C t value for LG/J was lower than that for SM/J, with the average C t difference ranging from 0.2 to 0.7 cycles. This indicates that relative Table 4 Protected Table 4 Protected Chromosome-wise threshold: 3.34
Lbn18.1a to SM/J, these genes are significantly upregulated in LG/J. Conversely, for Comp, the average C t value was greater for SM/J, indicating that SM/J expresses more Comp than LG/J. A significant strain*sex interaction for Smad1 (p = 0.015) indicated the presence of a sex-specific effect.
LG/J males expressed more Smad1 than SM/J males, but no significant difference was observed between the strains in females. These genes likely play a role in the bone length and growth rate differences observed in LG/J and SM/J (Sanger et al. 2010) as well as in the LG,SM advanced intercross.
Coding region polymorphisms occur in many positional candidate genes
The confidence intervals of the 45 pleiotropic F 34 QTL contained 186 positional candidate genes, comprising family members of known skeletal growth regulators as well as genes known to regulate cellular growth, embryonic patterning, programmed cell death, or other cellular processes with potential for modifying chondrocyte growth (listed in Table 5 ). These potential candidate genes have not all been tested for effects on cellular morphology or skeletal growth phenotypes. When examined for sequence polymorphisms between LG/J and SM/J, 111 of the genes were found to harbor polymorphisms and 526 SNPs were found. This represents only one-thousandth of the total number of SNPs present within the QTL confidence intervals (Supplementary Table 2 ). Only 152 of these polymorphisms altered the amino acid residue of the resulting protein; these changes are listed in Supplementary Table 2 . The amino acid variants produced by these polymorphisms were examined to assess their potential for altering protein function. Using the amino acid classifications defined in Hanada et al.(2006) , the reference and altered amino acids were categorized to determine whether the alteration was radical enough to cause a shift in the residue's chemistry category. About 65% (97) of the polymorphisms caused a change in at least one amino acid chemistry category, with around one-third of these causing a change in all three categories. These polymorphisms affected 55 separate gene products.
In and of itself, radical changes to amino acid chemistry category do not provide strong evidence of the importance of the change to the protein. To determine potential impact on protein function, the cSNP tool in PANTHER was used to determine the likelihood of a protein change being deleterious based on evolutionarily conserved sequences across protein family members (Brunham et al. 2005; Thomas et al. 2003 Thomas et al. ,2006 . Only about 50% (74) of the amino acid changes could be analyzed and these results are summarized in the P del column of Supplementary Table 2 . About half of the noted residue changes were predicted to have greater than a 50% chance of being deleterious to protein function (SNPs with P del [ 0.50). This suggests that the other half of the analyzed residues have a smaller chance of causing a deleterious change to protein function, but it does not mean that they have no effect at all. Future experimental verification will be needed to confirm these predictions. All ten genes tested for differential expression in the growth plate had polymorphisms within their coding regions (Supplementary Table 3 ). Of the more than 4000 polymorphisms identified in Supplementary Table 3, only 170 had PhastCon scores greater than 0.95, indicating extreme conservation of these residues across mammals.Sox5 had the most noncoding DNA polymorphisms, with introns that were relatively divergent between LG/J and SM/J. The Sox5 intron polymorphisms affected multiple Foxa2 and Esr1 regulatory regions, and additional polymorphisms affecting a Foxa2 regulatory region were identified within the sequence 10 kb upstream of the gene. On the other end of the spectrum,Igf1 had only fiveintronic polymorphisms and one highly conserved exonic SNP in a Foxa2 regulatory region. The ORegAnno database is highly enriched for Foxa2 and Esr1 regulatory regions (Lin et al.2007; Wederell et al. 2008) , and this may be why polymorphisms in regulatory regions have not yet been discovered in any of the other genes examined.
Discussion
Similarly to previous studies (Norgard et al. 2008 (Norgard et al. ,2009 ), a total of 45 pleiotropic QTL were identified here. About 70% of the original F 2-3 and F 9-10 individual-trait QTL (69/101) were replicated in this study. The probability of QTL replication varied with the LPR scores from the F 2-3 and F 9-10 analyses. If the LPR score in the previous generations was low (LPR \ 9.0; scores from previous generations are inflated by familial autocorrelation) in the original analyses, only 57% (36 of 63) of the QTL replicated, while 87% (33 of 38) of QTL with higher LPR scores (LPR C 9.0) replicated. This is likely the result of the Beavis effect, which operates randomly in different generations and can result in QTL with small effects near the detection threshold either exceeding or failing to reach the significance threshold by chance in different studies (Beavis 1994 ).
While we expected to identify QTL with confidence intervals of approximately 0.5 F 2 cM, actual confidence intervals averaged approximately 1.7 F 2 cM (corresponding to * 4.5 Mb). In terms of physical distances, the confidence intervals ranged from 14 Mb for the largest QTL (Lbn1.2) to 0.6 Mb for the smallest QTL (Lbn2.4), with about half of the QTL having confidence intervals between 2 and 5 Mb (Table 5) . There are several possible reasons for the apparent lack of increased resolution between the F 9-10 and F 34 generations. First, as opposed to the previous studies on which the 0.5 F 2 cM estimate was based, the parental generation (F 33 ) was not included in the mapping population because it was not subject to the same dietary treatments. Familial autocorrelation inflated QTL peak size and impacted how confidence intervals were set in earlier generations. While all F 34 individuals are related and subject to familial autocorrelation,the absence of the parental generation decreased QTL peak inflation relative to previous generations. A second possibility is that some QTL are caused by multiple linked genomic elements. While several of the QTL reported above have short confidence intervals with few (C 10) or no candidate genes (Lbn2.1b,Lbn2.3a,Lbn2.4,Lbn3.3,Lbn8.1a,Lbn11.1,Lbn12.2, Lbn14.1, and Lbn18.2), the majority have between 20 and 70 candidate genes (listed in Table 5 ).
Fewer additive effects were observed in the full F 34 population than in previous generations, but this is likely caused by dietary variation resulting in a large number of cohort-specific QTL observed in the population. As in previous generations, between one-half and one-third of the observed QTL had significant dominance effects. Positional candidate genes are listed for each QTL by QTL name and trait affected. The length of the pleiotropic QTL confidence interval (CI; given in bp), the number of genes in the confidence interval, and the number of polymorphisms between LG/J and SM/J that fall in the CI are listed. The genes of interest include genes from families known to contribute to skeletal growth or cellular morphology (see ''Results''). Underlining indicates that a SNP was identified in the coding region of the gene, while boldface indicates the presence of an amino-acidchanging mutation(s)
H humerus, U ulna, F femur, T tibia, CI confidence interval Interestingly, in the F 16 generation, which underwent the same dietary treatments as this generation, more sex and diet interactions were detected, most likely because the phenotypes under investigation in that population were adiposity and obesity-related traits that are more subject to the effects of sex hormones and dietary influences (Cheverud et al. 2010) . Interestingly, only five adiposityrelated QTL (Dob1a,Dob6b,Dob7d,Dob8c, and Dob11a) overlapped with the confidence intervals of the long-bonelength QTL identified here (Lbn1.1a,Lbn6.3,Lbn7.1, Lbn8.1b, and Lbn11.2, respectively), indicating that most of the QTL identified alter long-bone length independent of body size. Although fewer interactions are observed for long-bone length than obesity-related traits, the presence of multiple cohort-specific long-bone-length QTL implies a complex picture of how the hormonal and dietary environment can alter bone elongation. Frequently, only one or two subpopulations were responsible for the presence of QTL in the full population. This may be why the majority of individual-trait QTL in the full population surpassed only the pointwise threshold. Most cohort-specific QTL affected female animals on a low-fat diet or male animals on a high-fat diet. Previous studies in rats on the effects of extremely high-fat diets low in carbohydrates and proteins indicated that long-bone growth is inhibited by very large amounts of dietary fat (94.5% energy from fat), perhaps through decreased levels of circulating IGF-1 (Bielohuby et al. 2009 ).Igf1 is a candidate gene for Lbn10.1 (Table 5) , and SM/J shows decreased levels of Igf1 mRNA in the proximal tibial growth plate (Supplementary Table 1 ). Molecular analysis of the effect of the very-high-fat diet in rats also suggests that reductions in bone length may be the result of reduced osteoblast activity and decreased expression of transcription factors such as Runx2 that drive mesenchymal stem cells to become osteoblasts, leading to an overall decrease in bone formation (Bielohuby et al. 2009 ). Although no expression differences between strains were observed in the growth plate,Runx2 is a potential candidate gene for a QTL that was identified previously (Lbn17.1, located on chromosome 17 and not analyzed here; see ''Results'') (Norgard et al. 2009 ). Future efforts will use cohort-specific data to elucidate the molecular and biochemical mechanisms leading to skeletal growth differences and help determine how differences in sex and diet interact with and alter established genetic patterns.
The presence of 97 polymorphisms that change amino acid classification and the presence of altered amino acids in evolutionarily conserved regions or motifs suggest that changes to translated proteins may cause some QTL. However, most of the polymorphisms identified between LG/J and SM/J have not been associated with changes in protein sequence or function, suggesting that polymorphisms in the protein-coding regions of the candidate genes are only partially responsible for the bone length variation observed. Further analysis of nontranslated sequence may lead to the identification of polymorphisms that impact the activity of regulatory regions or the expression and activity of the translated protein. The observation of eight known skeletal growth regulators with differential mRNA expression in the LG/J and SM/J strains supports the hypothesis that differences in SM/J and LG/J regulatory regions exist, especially given the absence of protein-coding polymorphisms in any of these genes (except Pthlh) and the large number of nontranslated polymorphisms observed in and adjacent to those genes (see Supplementary Table 3) . Indeed, the presence of relatively few radical amino acid changes in the proteincoding region suggests that more variation may be explained by sequence alterations in nontranslated genomic elements such as promoters, enhancers, introns, or other genetic modifier elements. Future studies will investigate differences in noncoding regions to identify additional sources of variation in the population.
Most of the polymorphisms identified here have not yet been associated with any specific change in growth or cellular processes. One candidate gene,Pthlh, does have a polymorphism that has been previously shown to alter cellular dynamics. Relative to reference strain C57BL/6 J and LG/J, SM/J harbors the mutation P166T. Both of the residues at this position have been previously described as skin cancer modifier elements (Benelli et al. 2003; GianniBarrera et al. 2006; Manenti et al. 2000) . Previous studies have shown that the proline variant is associated with clustered growth in cell culture, increased growth rates, tumor growth, and increased cell migration. The threonine variant is associated with the opposite effects-flat growth in cell culture, normal growth rate, decreased tumor growth, and normal cell migration.In addition, the threonine and proline variants display differential cDNA expression profiles, with the proline variant displaying higher expression of Igfbp3 and Igfbp5 (Gianni-Barrera et al. 2006 ). These cellular changes may have important implications in the growth plate, in which changes in cellular morphology are a primary mechanism of longitudinal elongation. This polymorphism does not preclude the Pthlh regulatory region polymorphisms from altering its expression level in the two strains. Additional experimental data on the Pthlh P166T SNP as well as the other polymorphisms reported here will be necessary to confirm phenotypic effects on chondrocyte biology or bone lengths.
Ultimately, this study has replicated previously identified QTL for long-bone length with greater accuracy and precision, detected QTL specific for sex and diet, determined specific gene products upregulated in LG/J animals relative to SM/J, and identified 526 SNPs that fall within QTL confidence intervals. The absence of most of the known major endochondral ossification regulators within the confidence intervals supports the idea that genes controlling normal cellular processes such as metabolism, motility, or cell division have a measurable cumulative effect on cellular dynamics. Given the nature of bone elongation via the growth plate, this finding is not unreasonable. Future work will include experimental testing of SNPs to identify the specific mechanisms by which the QTL act and how environmental and genetic components interact to produce variation in bone length.
